Tremendous experimental and theoretical attempts to find carbon based two-dimensional semiconductors, have introduced a wide variety of graphene counterparts, such as; carbon-nitride, carbon-boride, graphyne and graphdiyne 2D materials with highly attractive physical and chemical properties. In this study, by conducting extensive non-equilibrium molecular dynamics simulations we calculated and compared the thermal conductivity of thirteen prominent carbon-based structures at different lengths and two main chirality directions. Acquired results show that the structures of C3N, C3B and C2N exhibit the highest thermal conductivity, respectively, which suggest them as suitable candidates for thermal management systems in order to enhance the heat dissipation rates. In contrast, generally graphdiyne lattices and in particular 18-6-Gdy graphdiyne yields the lowest thermal conductivity, which can be a promising feature for thermoelectric applications. As a remarkable fining, we could establish connections between the thermal conductivity and density or Young's modulus of carbon based 2D systems, which can be employed to estimate the thermal conductivity of other counterparts. The results by this study can provide a comprehensive viewpoint on the thermal transport properties of the nonporous and exceedingly porous carbon based 2D materials and may be used as useful guide for future studies.
Introduction
Introduction of graphene and reports on its unique properties [1] motivated the synthesis of other 2D nanostructures [2] . Graphene is considered to be the most attractive 2D nanostructure that, in addition to its excellent electronic [3] and optical [4] properties, has unique mechanical [5] and thermal properties [6] . However, graphene energy bandgap is equal to zero, which limits its use in two-dimensional transistors [7] , [8] . But this feature of graphene also had some positive points, including the researchers' efforts to discover and synthesize other 2D materials [9] , [10] . In recent years, experimental studies on 2D semiconductor materials have been of great interest. In this context, two-dimensional carbon-In 2015, the structure of C2N was fabricated for the first time and its energy bandgap was empirically determined [14] . In another study in 2019, the thermal properties of C3N nanotubes were investigated [16] . Recently, an experimental research has led to the synthesis of a new 2D nanostructure called N-graphdiyne with promising electronic, optical, and mechanical properties [17] . The structure of this family is very similar to that of graphyne, except that carbon atoms that bind hexagonal rings have been replaced by nitrogen atoms [18] . Shortly after, mechanical and thermal properties of C18N6, C12N6 and C36N6 have been calculated [18] . In an experimental work by Matsuoka et al. [19] in 2018, triphenylene graphdiyne (TpG) was realized experimentally. On the basis of triphenylene graphdiyne (TpG), Mortazavi et al. [20] theoretically predicted that N-triphenylene graphdiyne (N-TpG) can be a stable and strong 2D semiconducting material. Experimental successes in the discovery of the graphdiyne family have demonstrated the importance of theoretical research for understanding the intrinsic properties of materials [21] .
Despite recent numerical studies on the thermal conductivity of 2D carbon-nitride and carbon -boride as well as graphdiyne structures [22] - [24] , the reported results are not comparable due to the differences in the employed computational methods (such as equilibrium MD, non-equilibrium MD, Boltzmann transport equation and so on). Providing a complete picture of the thermal properties of these structures will be beneficial in design and fabrication of new and advanced nanostructures that intend to utilize these new carbon-based 2D structures.
The purpose of the present study is to calculate and compare the thermal properties of thirteen two-dimensional structures of carbon-nitride, carbon-boride, N-graphdiyne and Bgraphdiyne (as shown in Fig.1 to Fig.3 ), utilizing non-equilibrium molecular simulations with the same potential function. Also, by replacing carbon atoms with nitrogen atoms in the C18N6, C12N6, and C36N6 structures, new structures are introduced (that we call 18-6-Gdy, 12-6-Gdy, 36-6-Gdy) and their thermal transport properties are calculated. Moreover, the effects of size and chirality on the thermal conductivity, Young's modulus and phonon mean free path of all structures are studied.
Computational details
In this study, all molecular dynamics simulations have been performed using LAMMPS [25] .
The accuracy of the obtained results basically depends on the potential functions employed.
In all structures, Tersoff potential function [26] with the coefficients presented by Lindsay and Brodio, is used [27] . The thermal conductivity of the structures is obtained through nonequilibrium molecular dynamics (NEMD) with periodic transverse boundary conditions. In this method, a temperature gradient is first created in the system and then the resulted heat flow is measured. Thus, the thermal conductivity is achieved based on the Fourier's law relation [28] . At the beginning of the simulation, the whole structure except the atoms fixed on both sides of the system as shown in (1)
Where Ti is the temperature of slab i, Ni is the number of atoms in the slab, kB is the Boltzmann constant, mj and pj are atomic mass and corresponding momentum, respectively.
After thermalizing the system to the equilibrium conditions, in order to create a temperature gradient, some kinetic energy are added to the hot bath and the same amount energy was drained through the cold bath, thus the average energy exchange between the thermostats is zero and the average temperature would be constant. After about 100 picoseconds, the heat flow and the temperature gradient in the system reach steady state. Over the next 4.5ns of the simulation, the thermal conductivity is obtained from the mean heat flux and the measured temperature gradient in the system. , where A is the cross-section area obtained by multiplying the width of the sheet by its thickness. The thickness of all sheets is considered to be 3.35 angstroms on average [18] , [31] - [33] . Figure 5 (b) shows the temperature profiles in the system. Regardless of the temperature jumps at the beginning and end of the system due to the artificial effects caused by thermostats, the temperature gradient relationship ( 
Results and discussion
The investigated structures are divided into three different categories as shown in Fig. 1 to 3 . respectively, and within the carbon rings, the shortest and longest bond lengths are 1.24Å and 1.39Å, respectively. In NEMD method, due to the finite sample size which is usually smaller than the average phonon mean free path, the calculated thermal conductivity is dependent on the size of the system [34] . Thus the simulations were repeated for different lengths with a constant width (about 30 nm) at 300 K.
Figures 6 to 8 shows the thermal conductivity results in two main chirality directions versus the inverse of the sample length. It has been shown that the thermal conductivity of a nanostructure can be represented in terms of the length using the following equation [28] , [35] :
where ᴧ is the effective phonon mean free path and F is the thermal conductivity for the infinite length of the structure. Fitting this relation into the thermal conductivity results in terms of the length, we can approximate the thermal conductivity at infinity as well as the phonon mean free path. The simulation results (Fig.9 to Fig.11) show that the highest thermal conductivity (about 786 W/mK) belongs to the C3N structure in X-direction, which would be due to its similar structure to graphene. This value of the thermal conductivity is in good agreement with that In order to better analyze the thermal transport properties of the structures, Table 1 
where H = H and v is the average speed of sound and l is the phonon mean free path. It can be seen that the thermal conductivity also depends on heat capacity and speed of sound, in addition to the mean free path. For this reason, we report these two parameters for all structures too. To calculate the heat capacity, the total energy of the structure is calculated in terms of temperature variations from 295 K to 305 K and consider its slope as the heat capacity ( H = dE / dT) [39] . The heat capacity for all the structures are reported in Table 1 .
The sound velocity is also proportional to the Young's modulus and the density of the
, where Ey is the Young's modulus and ρ is the density of the structure.
To calculate Young's modulus, the stress in the structure is calculated when a longitudinal strain is applied. The slope of the stress-strain curve is equal to Young's modulus. The stressstrain curve for two structures C3B and C12B2 in two directions were shown in Fig.13 .
In Figure 14 we compare the phonon density of states (DOS) for few samples over that of the graphene to better realize the underlying mechanism for the almost three orders of magnitude differences in the thermal conductivity values in the carbon based 2D nanomaterials. We remind that for the case of graphene, acoustic phonons which belong to low frequency ranges are widely known as the main heat carriers. As it is clear, for the cases of highly porous and low density graphdiyne lattices, like TpG, C18N6 and C12B2, low-frequency acoustic modes contribute to the majority of phonons. This implies that the populations of these modes are substantially increases in these systems, which means that the scattering of phonons will be enhanced because of the simultaneous excitement of various modes increase the rates of their collision. In another word, the increases in the population of low-frequency modes increase the scattering rates of these dominant heat carriers and finally result in suppressed thermal conductivity. When one compares the PDOS of C3B and C3N with graphene, their PDOS at low frequency range are more identical to graphene, which suggest lower scattering of these modes and their comparable thermal conductivities to graphene.
In Table 1 , for each structure, Young's modulus and density (assuming a thickness of 0.335 nm) are presented. Young's modulus as an important parameter can indicate the mechanical strength of the structures. Now, with provided information in Table 1 , we can better interpret the reason of difference between thermal conductivities of the structures. For instance, the C3B structure has significantly larger Young's modulus and heat capacity than that of C12B2 structure, indicating a large difference between the thermal conductivity of these two structures.
Moreover, in Table 1 , the thermal conductivity values reported in previous research works are presented for comparison with our results. It is observed that there are good agreements between the results of previous molecular dynamics simulations and the present work. [40] 64.8 (NEMD) [20] 40 (EMD) [40] 82.22 (DFT) [33] [35] 488 (RNME) [35] 412 (DFT) [41] [34] 810 (NEMD) [34] 380 (DFT) [42] 525 (EMD) [43] As it can be seen in Table 1 , the investigated structures have various densities and Young's moduli. From the first looks it is quite conspicuous that the lattices with high level of porosity not only show low rigidity but also much lower thermal conductivity. On this basis, the fundamental question is that if some relations can be established with respect to the density (level of porosity) or Young's modulus to the thermal conductivity of carbon-based 2D systems. Thus it is interesting to examine the thermal conductivity behavior of these structures with respect to the density and Young's modulus. In figure 15 , the thermal conductivity of all structures against these two parameters are presented. As shown in the figure 15 , it is fascinating that exponential correlations can be established between the thermal conductivity and density or Young's modulus. Knowing these correlations would help better understanding of thermal transport in carbon-based structures and more importantly these can provide estimations to estimate the thermal conductivity of other carbon based 2D systems which are among the most important class of 2D materials.
Nevertheless, amazingly it is clear that the density can provide better estimates for the thermal conductivity in these systems as compared with Young's modulus. Young's modulus, Ey (GPa)
Summary
In conclusion, by employing non-equilibrium molecular dynamics method, the thermal conductivity of thirteen famous carbon-based two-dimensional materials in two main chirality directions were presented. By substituting nitrogen atoms with carbon atoms in the C18N6, C12N6 and C36N6 structures, the new structures of 18-6-Gdy, 12-6-Gdy, 6-6-Gdy have been introduced and their thermal conduction properties have been calculated. Size dependency of the thermal conductivity was also studied for all structures and the thermal conductivity values at infinite length were estimated. Among these materials, C3N, C3B and C2N were found to show the highest thermal conductivity, while 18-6-Gdy structure shows the lowest one. The underlying mechanisms for the difference in thermal conductivity of structures were discussed by estimating the phonon mean free path, the heat capacity and
Young's modulus. Finally on the basis of acquired results, we could establish connections between the thermal conductivity and density or Young's modulus of carbon based 2D systems, which can be used to estimate the thermal conductivity of other nanosheets made mostly from carbon atoms. Employing the same potential function to describe atomic bonds, the MD results of this study can be a good benchmark for comparing the thermal conductivity of these structures. The results also provide a useful databank for the thermal conductivity of these carbon-based structures for nanoelectronics applications.
